Abstract Given the severe impacts of hot summers on human and natural systems, we attempt to quantify future changes in extreme hot summer frequency in China using the Coupled Model Intercomparison Project Phase 5 (CMIP5) projections. Unlike previous studies focusing on fixed future time slices, we investigate the changes as a function of global mean temperature (GMT) rise. Analyses show that extreme hot summers (June-July-August mean temperature higher than 90 % quantile of 1971-2000 climatology) are projected to occur at least 80 % of the time across China with a GMT rise of 2°C. The fraction of land area with extreme hot summers becoming the norm (median of future summer temperatures exceed the extreme) will increase from~15 % with 0.5°C of GMT rise to~97 % with 2.5°C GMT rise, which is much greater than for the global land surface as a whole. A distinct spatial pattern of the GMT rise threshold over which the local extreme hot summer first becomes the norm is revealed. When averaged over the country, the GMT rise threshold is 0.96°C. Earth system models exhibit comparable results to climate system models, but with a relatively larger spread. Further analysis shows that the concurrence of hot and dry summers will increase significantly with the spatial structure of responses depending on the definition of drying. The increase of concurrent hot and dry conditions will induce potential droughts which would be more severe than those induced by only precipitation deficits.
Introduction
The occurrence of exceptional hot summers and the associated heat waves can exert severe impacts on human health, agriculture production and ecosystem productivity (Patz et al. 2005; Battisti and Naylor 2009; Lobell et al. 2012; Dong et al. 2014 Dong et al. , 2015 . During the past century, the occurrence of exceptional hot summers has been increasingly reported over the world, e.g. Europe in 2003, Moscow in 2010, Texas and Oklahoma in 2011 and eastern China in 2013 (Stott et al. 2004; Dole et al. 2011; Trenberth and Fasullo 2012; Sun et al. 2014; Christidis et al. 2015) . According to Hansen et al. (2012) . the fraction of land areas experiencing hot extreme defined as more than three standard deviations warmer than the 1951-1980 climatology has increased from 1 % to about 10 % for the last 30 year.
The potential changes in hot summers in response to enhanced radiative forcing have attracted increasing attentions for the past decades. Studies based on global climate models (GCMs) suggest that the frequency of extreme hot summers may increase in the twenty-first century, producing more frequent, longer and more intense heat waves (Meehl and Tebaldi 2004; Fischer and Schär 2010; Rahmstorf and Coumou 2011; Perkins et al. 2012; Coumou and Robinson 2013; Wang et al. 2015) . The projected increase in extreme hot summers across GCMs raises a key question: when current hot summers will become normal in the future? Duffy and Tebaldi (2012) found that previous extremely hot summers over United States are likely to become normal by mid-century if the business-as-usual rate of greenhouse gas emissions continues. Battisti and Naylor (2009) showed that seasonal-mean temperatures are projected to exceed the most extreme values experienced during the 20th Century in many areas of the world by the end of the 21st Century. Diffenbaugh and Scherer (2011) found that an irreversible rise in summer temperatures will happen in the next 20~60 years over many parts of the tropics and the Northern Hemisphere.
It is well established that climate models exhibit different sensitivities to natural and anthropogenic climate forcing, thus resulting in discrepancy in the timing when reaching a certain level of global mean temperature (GMT) rise and the associated magnitude and patterns of regional amplification would differ significantly (Betts et al. 2011; Joshi et al. 2011; Tang and Lettenmaier 2012; Zhang et al. 2014) . Projected changes in climatic extremes on fixed future time slices under different scenarios would therefore vary greatly in terms of the magnitude ) and the topic still remains controversial. In addition, the ongoing policy-debates among governments and organizations are more on how to limit the GMT rise to a target value to avoid dangerous impacts (Meinshausen et al. 2009; Smith et al. 2009; Randalls 2010) . Indeed, understanding the regional impacts under specific global warming level can better inform policy-makers on regional mitigation and adaptation strategies. However, the possible changes in the frequency of extreme hot summers under various levels of global warming have so far not been well investigated in detail.
Based on the CMIP3 climate models, Anderson (2012) analyzed the future seasonal temperature extreme occurrences and found that the occurrence of extremes will increase significantly especially in the tropics under the 2°C global warming. Considerable efforts have been made by Chinese scientists to investigate the climate changes in China mainly under the 2°C global warming scenario (e.g. Jiang et al. 2009; Lang and Sui 2013; Zhang 2012; Chen and Sun 2014) . Lang and Sui (2013) suggest that 2°C global warming would lead to increase of extreme daily warm temperature events across the country. Chen and Sun (2014) confirmed that the daily warm events would be more frequent and stronger in the future and the situation would become worse with 3°C global warming than the 1 and 2°C warming scenario. Although previous studies have shown that regional extreme events increase with GMT, the social implications of the increase are rarely discussed (Dong et al. 2015) . If the hot extreme events in the future become far more common than they used to be, the extreme events at present would become the new normal condition in the future. When the current extreme becomes a new norm, the society would face great challenges to adapt to the new normal condition. Therefore, the criterion can be used to reflect the regional challenge of the change in hot extremes. This study explores the probability of land areas with the extreme becoming the new norm and the GMT rise threshold over which the criterion will be crossed for different regions of China. Indeed, by determining the GMT rise level at which extreme hot summers become the norm, we can link the regional extreme challenge directly to global warming which is the most critical need for adaptation to climate change at regional scale.
Here, we focus our analysis on China where extreme hot summers have been increasingly reported and have caused far-reaching social-economic impacts . The research presented here expands upon previous efforts by investigating: 1) how will the occurrence of extreme hot summers respond to global warming across China? Will China experience more extreme hot summers than the global land under the same global warming amount? 2) At which level of GMT increase will the local extreme hot summer defined in the history first become the norm? 3) How will the concurrence of hot and dry summers change?
Data and methodology
The monthly mean temperature and precipitation dataset from 34 models participating in the Coupled Model Intercomparison Project Phase 5 (CMIP5) (Taylor et al. 2012 ) are obtained (Table S1 ). Compared to CMIP3 model runs, CMIP5 models incorporated substantial changes (e.g. updated model physics, higher resolutions, and new greenhouse gas emission scenarios). In addition, climate system models and earth system models (with additional biogeochemical components) are classified for the first time in the CMIP5 archive. It would definitely be valuable to compare the difference between the two subsets of climate models with respect to their projections since very limited studies have been done toward this purpose (Meehl et al. 2013) . Of all the CMIP5 models used in this study, 15 are classified as earth system models and 19 as climate system models (Table S1 ). Since there is no universal guidance to objectively choose a suitable target grid, all the CMIP5 output are remapped to 0.5°×0.5°l atitude-longitude spatial resolution following Zhang et al. (2014) . The summer (June-JulyAugust) mean are calculated for each model. The RCP8.5 emission scenario is used in this study to highlight the largest possible changes since this scenario shows the highest level of radiative forcing up to 8.5 W m −2 with greenhouse gas concentration exceeding 1370 ppm CO 2 equivalent and cover the maximum possible GMT increase (Moss et al. 2010) . Furthermore, projections based on the GMT changes as an index for climate changes are found to be independent of the emission pathways (Tang and Lettenmaier 2012; Gillett et al. 2013; Zhang et al. 2014) . The CMIP5 models have been widely evaluated from global and regional perspectives and are found to match the observations in terms of broader characteristics (Sillmann et al. 2013; Kharin et al. 2013) . More detailed regional analysis over China showed that the multi-model ensemble median of CMIP5 projections are generally in good agreement with the observations in the overall patterns of changes in climatic extremes over China (Chen et al. 2013; Zhou et al. 2014; Chen and Frauenfeld 2014) . Recently, Jiang et al. (2015) evaluated the ability of 77 GCMs participating in the Intergovernmental Panel on Climate Change (IPCC) Third (TAR), Fourth (AR4), and Fifth (AR5) Assessment Reports in reproducing the mean and interannual variability of annual and seasonal temperature and precipitation thoroughly and comprehensively. The observed gridded temperature and precipitation data used in Jiang et al. (2015) are established at 0.5°h orizontal resolution based on 2416 weather stations over China from the China Meteorological Administration (Wu and Gao 2013) . Generally, the climate models are found to exhibit reasonable capability in capturing the spatial structure of variability of summer mean temperature and precipitation when compared to observations in China. The evaluation results by Jiang et al. (2015) which are conducted at the resolution of 0.5 o for the period 1961-2000 suggest that the projections of the state-of-the-art climate models are applicable for analyzing the changes in extreme hot summers in China.
An alternative approach is to bias-correct the climate projections before its use at the global scale (Warszawski et al. 2014 ) and regional scale . In addition to the deficiency in assuming stationary of bias (Christensen et al. 2008) . bias-correction techniques in adjusting the climate projection against observations would damage the inter-variable dependencies if adjusted individually (Rocheta et al. 2014 ) and the climate change signal (Dosio et al. 2012) although it is a common practice in impact analysis (Teutschbein and Seibert 2012) . Therefore, the original climate projections obtained from the CMIP5 archive are preferred for use in this study. Nevertheless, it is still important to bear in mind that the results presented in this study should only represent the estimates of current state-of-art climate models participating in the CMIP5.
In this study, the 90 % quantile of summer mean temperature in the baseline period, i.e. 1971-2000, are used as the threshold for defining the extreme hot summers. We acknowledge that the magnitude of results may differ if choosing different baseline period and/or extreme definitions. Here, the choice of 90 % quantile as a threshold in this study is to a large extent arbitrary but within the range of choices by previous studies in defining seasonal extremes (Diffenbaugh and Scherer 2011; Duffy and Tebaldi 2012; Hansen et al. 2012) . To address the three major goals, calculations for each model are made as follows: 1) To address the scientific question 1, we first identify the future 30-year periods with GMT increase by 2°C relative to 1971-2000 (Table S1 ). Specifically, the GMT for each 30-year period beginning with 1971-2000, then 1972-2001, etc . through 2100 is calculated for each simulation, and the first 30-year period in which the difference between historical 1971-2000 GMT and the mean 30-year GMT exceeded 2°C is identified. Then, we extract the future summer mean temperature time series in the identified future periods, and count the number (frequency) of future summers with mean temperature exceeding the predefined threshold value. If the median of future summer mean temperature exceed the historical extreme, it is defined that the current extreme hot summer has become the new norm in the warming world. The fraction of land area with extreme hot summers becoming the norm at various warming levels from 0.5 to 2.5°C is summarized for China and global land to explore whether China will experience more risks than the global land. 2) To address the scientific question 2, we calculate the GMT rise level at which extreme hot summers first become the norm for each grid. The results based on projections by ESMs and CSMs are also examined separately to characterize the difference between the two subsets of models in CMIP5. By assuming that temperature follows the Gaussian distribution (Schär et al. 2004) . changes in the mean and variability of summer mean temperature in the future (when extreme hot summers first become normal) relative to the baseline period are further calculated. 3) To address the scientific question 3, we count the number of future (when extreme hot summers first become normal) and historical extreme hot summers with concurrent precipitation lower than the defined thresholds based on the baseline period. To characterize the uncertainty from the definition of dry summers, three levels of dry conditions are defined, i.e. summer mean precipitation lower than the P50 (50 % quantile), P30 (30 % quantile), and P10 (10 % quantile) of historical climatology. By calculating the percentage changes in concurrent hot and dry summers, changes in the potential risks of droughts could be explored.
The calculations is first done for each model and the multi-model ensemble median which is superior to any individual model (Reichler and Kim 2008; Pierce et al. 2009 ) is used for analysis. The multi-model spread as measured by the standard deviation is used to characterize the associated structural uncertainty. It should be noted that our definition of global warming is relative to 1971-2000 rather than the preindustrial era as agreed upon by the international community (UNFCCC 2009). Readers can simply subtract our estimates by 0.8°C to get the information relative to pre-industrial era, given the fact that the end of the 20th Century are approximately 0.8°C warmer than the pre-industrial era (IPCC 2007). Figure 1a show the multi-model ensemble median frequency of extreme hot summers when GMT increase by 2°C relative to 1971-2000. The frequency of extreme hot summers exhibits an evident geographical gradient where the largest magnitudes of frequency occur in central and southern China followed by western and northeastern China. In South China, extreme summers are projected to occur at least 90 % of time. Results based upon RCP4.5 scenario (see Figure S1 ) are found to be very similar to those from the RCP8.5 scenario, suggesting that our results as a function of GMT are semblable across emission scenarios. Notably, the frequency of extreme hot summers will be higher than 50 % over the whole country. In other words, given a future 2°C GMT rise, current summer temperature extremes will effectively become the norm across the whole country. Figure 1b shows the changes of land fractions (%) with extreme hot summers becoming the norm under GMT rise levels from 0.5 to 2.5°C for China and global land. From Fig. 1b we find that given a GMT increase of 0.5°C relative to the 1971-2000, on average 15 % of the land surface grids over China will have extreme hot summers becoming the norm. This areal extent increases rapidly with increasing GMT, on average reaching 70 % for a GMT increase of 1°C and 97 % for a GMT increase of 2°C. Moreover, the agreements among models tend to increase with global warming amounts, suggesting a robust increase of extreme hot summer occurrences with climate warming. Notably, the land fraction with extreme hot summers becoming the norm is much larger in China than the global land as a whole. This suggest that more frequent extreme hot summers will occur in China than the global land even under the same level of green-house gas forcing and subsequent GMT rise. For example, with 1°C GMT rise, over 70 % of the areas across China will routinely experience current extreme hot summers whereas this number is 52 % for the global land area.
Results

Changes in extreme hot summers frequency with global warming
At which level of GMT rise will local extreme hot summers first become the norm?
The non-linear changes of land fractions with extreme hot summers becoming the norm in response to increasing GMT rise (Fig. 1b) further imply that extreme hot summers would become the norm even before 2°C global warming in specific regions. Hence, a key question arises as to at which level of GMT rise the extreme hot summer will become the norm for the grid-points? Fig. 2a shows the multi-model ensemble median of GMT rise, relative to the baseline period, at which the given grid-point's median summer temperature in 30 year period first surpass the grid-point's defined extreme value. The spatial structure of GMT rise levels at which the extreme hot summers first become the norm revealed a distinct regional discrepancy. Specifically, 0.8°C global warming is enough to make the extreme hot summers becoming the Fig. 2 a Multi-model ensemble median of the global mean temperature (GMT) rise threshold (°C) at which local extreme hot summers first becomes the norm at the grid scale. b Cumulative distribution function of country mean GMT rise threshold (°C) by all the CMIP5 climate models (ALL, black line), earth system models (ESM, blue line) and climate system models (CSM, red line). The corresponding median and standard deviation among the models are shown in the bracket. Note: we first calculate the GMT rise threshold for each grid, and then the mean value over the country is obtained for each model. Based on the estimates by different models, the cumulative distribution function is constructed to characterize the inter-model range norm in much of the south, east and central China. In the northwestern and northeastern China, such a situation could arise given a future 1°C~1.2°C increase in GMT. As shown should GMT increase by~2°C, extreme hot summers will become the norm in small portion of Tibetan Plateau and Northeast China.
When averaged over the country, the threshold for resulting in extreme hot summer first becoming the norm is 0.96°C of GMT rise as projected by the CMIP5 climate model median. We note that the range between the individual models is high (Fig. 2b) . Indeed, for certain models the average GMT rise threshold can be as high as 1.3°C while the lowest is 0.7°C. In addition, it is found that earth system models exhibit comparable results with climate system models. But the spread by earth system models (0.159°C) is relatively larger than that by climate system models (0.134°C). This suggests that compared to climate system models, earth system models may not necessarily narrow down the uncertainties in projections of extreme hot summer frequency, although additional biogeochemical components of various complexity are incorporated. Figure 3 shows the multi-model ensemble median of changes in the mean (°C) and variability (°C) of future summer mean temperature (when extreme hot summer first becomes the norm), relative to the baseline period. By comparing the magnitude of changes between the two statistic features, we can get a general insight on factors contributing to the significant rise of extreme hot summers at the grid scale. Increase in the mean by more than 0.3 are found over the country, with the largest increase (larger than 1) over much of northeastern and northwestern part of China (Fig. 3a) . In addition, the changes are much larger than the inter-model spread (Fig. 3b) . In contrast, the changes in variability lower than 0.1 are projected over much of the country and comparable magnitude of inter-model spread is found. Taken together, the Fig. 2a) changes in the variability are several times lower than that of mean across the country. This implies the situation that extreme hot summers become the norm could be statistically explained by the shift of mean of distribution rather than the variability (Schär et al. 2004; Katz et al. 1992 ).
Changes in concurrence of hot and dry summers
Global warming will induce changes not only in the extreme temperature but also the extreme precipitation (Tebaldi et al. 2006; Sillmann et al. 2013b) . Here, if the temperature in a given summer is higher than the 90th percentile of historical climatology and its precipitation is lower than the predefined threshold, it is defined as the hot and dry summer. Figure 4 shows the percentage changes (%) in the number of concurrence of hot and dry summers with summer mean precipitation lower the 50 % quantile (P50), 30 % quantile (P30), and 10 % Fig. 4 Multi-model ensemble median of percentage changes (%) in the number of concurrent hot and dry summers with summer mean precipitation lower the (a) 50 % quantile, (c) 30 % quantile and (e) 10 % quantile of historical climatology. The corresponding inter-model spread is shown in (b), (d) and (f). Note: if the temperature in a given summer is higher than the 90th percentile of historical climatology and its precipitation is lower than the predefined threshold, it is defined as the hot and dry summer. The historical period is 1971-2000 while the future periods are those when local extreme hot summers first become the norm (see Fig. 2a) (P10) of historical climatology respectively. As shown in Fig. 4a , the concurrence of hot and P50 dry summers will increase by more than 200 % across the country (99.47 % of land areas) and the changes is much larger than the inter-model spread (Fig. 4b) . For the percentage changes in occurrences of hot summers with P30 and P10 drying, the magnitudes become much lower. Specifically, only 43.45 % and 0.07 % of land areas will experience increases greater than 200 % in the frequency of hot and P30 and P10 drying respectively (Table S2) .
Our results suggest that the projected increase of concurrent high temperature and low precipitation will lead to potential increase of droughts over much of the country in the future. What's more, compared to those induced by only precipitation deficits, these potential droughts if occurred will be more severe and pronounced as demonstrated in the 2003 European drought (Fink et al. 2004 Russian drought (Trenberthand Fasullo 2012 and the current California droughts (AghaKouchak et al. 2014 ). In addition, it is found that the largest percentage increase of concurrent hot and P50 dry summers are expected in parts of northern, central and southern China whereas the largest percentage increase of concurrent hot and P30 and P10 drying are found over arid and semi-arid regions of western China. This suggests that the spatial structures of response of concurrent hot and dry summers are indeed depending on the drying definitions. And the arid regions in western China are especially prone to the extreme (P30 and P10) drying than moderate (P50) drying in future hot summers compared to other regions across China.
Conclusions
Global warming has led to increased frequency of heat extremes on monthly to seasonal time scales, causing a broad array of severe impacts on natural and human systems. Most of previous studies on extreme hot summers focus their analysis on specific future time periods and the projected changes in climatic extremes on fixed future time slices vary greatly in terms of the magnitude under different emission scenarios . This paper explored the changes in extreme hot summers as a function of GMT rise based on the CMIP5 climate projections. Specifically, this study explores the probability of land areas with extreme hot summer becoming the new norm and the GMT rise threshold over which the criterion will be crossed for different regions of China.
Here, the 90th percentile value of the historical climatology of 1971-2000 is used as the threshold for the extreme hot summer for each grid. It should be noted that quantitative values of the results may vary if employing different definitions of extremes (Perkins et al. 2012) . We find that given a 2°C increase in GMT, relative to the 1971-2000, 97 % of the land surface in China will experience summer mean temperatures that exceed the historical extreme value at least 50 % of the time. In other words, historical hot summers will become the norm for 97 % of the land surface. Compared with the response across the global land, a given GMT increase would result in more fractions of China's land surface with extreme hot summers becoming the norm.
Further, we find that extreme hot summers will become the norm for a large portion of the land-surface even before GMT increase by 2°C. Specifically, in south China, a future 0.8°C GMT increase is enough to result in summers with median temperature value exceeding the historical extreme value. While 1~1.2°C global warming is sufficient to make this situation happen across almost the whole country. Only a portion of west Tibetan platen and northeastern China requires GMT increase by more than 2°C to result in these situations. Averaged over the country, the multi-model ensemble median of GMT rise threshold is 0.96°C, with the inter-model variation up to 0.16°C. In addition, earth system models exhibited comparable results with climate system models, but with a relatively larger spread. Statistically, the significant increase of extreme hot summers are mainly due to the shifting mean of distribution rather than the variability although more efforts are needed to quantitatively isolate the extreme changes from changes of various distribution components (e.g. mean, variance and skewness/ higher order moments). This finding can also explain the larger fraction of land areas with extreme hot summer becoming the norm over China than the global land (Fig. 1b) given the fact that China warms faster than the global average (Lang and Sui 2013; Chen and Sun 2014) .
This study stands out from previous regional and global scale efforts (e.g. Battisti and Naylor 2009; Diffenbaugh and Scherer 2011; Anderson 2012; Duffy and Tebaldi 2012) by further analyzing the concurrent drying accompanying extreme hot summers and the projected changes. Our result show that concurrence of hot and dry summers will increase significantly in the future and the spatial structure of responses are depending on definitions of drying. The arid and semi-arid western China are especially prone to the percentage increase of extreme drying (precipitation lower than the historical 30 % or 10 % quantile) in the future hot summers than moderate (precipitation lower than the historical 50 % quantile) drying compared to other regions.
Although we cannot yet expect models to accurately reproduce observed absolute quantities or rates of change in extreme climate (Tebaldi et al. 2006; Sillmann et al. 2013a) . it is still important to bear in mind the bias, especially in modeled variability when interpreting the findings of this study. Specifically, models underestimating temperature variability tend to show a larger exceedance rates and vice versa (Sillmann et al. 2014) . Overall, overestimation in term of the magnitude of variability is found for most GCMs across the country, but underestimation is found over part of southeast China for temperature variability and south China for precipitation variability (Jiang et al. 2015) . Hence, caution should be taken in interpreting the findings in the areas where bias exists against observations as found by Jiang et al. (2015) It is not possible to quantitatively attribute the changes to complex interactions between the processes represented in models by analyzing the model outputs alone. Summer temperature extremes in southeast China are found to be associated with the westerly jet in the midlatitudes and circumglobal teleconnection (Wang et al. 2013 ) and the El Niño-Southern Oscillation (ENSO) and atmospheric circulations in the East Asian summer monsoon . Studies also suggest that the anthropogenic emission of greenhouse gases is the major driver of the increasing frequency of hot summers in eastern China, with rapid urbanization contributing as the secondary factor ). While we do not attempt to perform a rigorous attribution study, we seek to examine a large suite of climate simulations from multiple models to identify common features of projected extreme hot summers in the future. Our results suggest that with global warming, the occurrences of extreme hot summers are projected to increase greatly and the same forcing would cause more risks of extreme hot summers in China than the global land. Importantly, distinct spatial patterns do exist in the global warming threshold for resulting in local extreme hot summer first becoming the norm, emphasizing the need for regional specific adaptation and mitigation strategies. We highlight that the projected increase of concurrent hot and dry summers will induce more potential droughts which would be more severe than those induced by only precipitation deficits. The findings based on the CMIP5 models can better inform efforts to reduce the vulnerability associated with extreme hot summers across China if the world's greenhouse gas emissions continue.
